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Abstract: Profound changes of tissue redox potential occur in the heart under conditions of oxidative stress associated frequently with cardiac arrhythmias. Since beat-to-beat variability (short term variability, SV) of action potential duration (APD) is a good indicator of arrhythmia incidence, the aim of the present work was to study the influence of redox changes on SV in isolated canine ventricular cardiomyocytes using conventional microelectrode technique. The redox potential was shifted toward a reduced state using a reductive cocktail (containing dithiothreitol, glutathione and ascorbic acid) while oxidative changes were initiated by superfusion with H 2 O 2 . Redox effects were evaluated as changes in relative SV determined by comparing SV changes to the concomitant APD changes. Exposure of myocytes to the reductive cocktail decreased SV significantly without any detectable effect on APD. Application of H 2 O 2 increased both SV and APD, but the enhancement of SV was the greater, so relative SV (Lemay et al. 2011 , Pueyo et al. 2011 ), intensity of cell-to-cell coupling (Zaniboni et al. 2000) , morphology of the action potential (Heijman et al. 2013) , stimulation frequency (Johnson et al. 2010) or changes in action potential duration (APD) and intracellular calcium concentration (Szentandrássy et al. 2014) in modulation of SV have been implicated so far.
Marked changes of redox potential in cardiac tissues occur under conditions of oxidative stress, such as in ischemia/reperfusion injury. On the other hand, increased incidence of cardiac arrhythmias is a common feature of these circumstances (Becker and Ambrosio 1987) . Since beat-to-beat variability of action potential duration is believed to be a good indicator of arrhythmia incidence, it is logical to study the influence of changes in tissue redox potential on SV in isolated canine ventricular cardiomyocytes. This preparation was chosen because it is considered as a reasonably good model of human ventricular cells regarding their action potential morphology and kinetics of the underlying ion currents (Szabó et al. 2005 , Szentandrássy et al. 2005 , and also due to the significant amount of experimental data on SV accumulated already in dogs (see Szentandrássy et al. 2014 for references). The aim of this study was to study the effects of redox-shifts on relative SV in canine ventricular myocytes in order to reveal their possible contribution to generation of cardiac arrhythmias. obtained by enzymatic dispersion using the segment perfusion technique, as described previously (Magyar et al. 2000) . Briefly, the heart was quickly removed and washed in cold Krebs solution.
Materials and methods

Isolation of single canine ventricular myocytes
A wedge-shaped section of the ventricular wall supplied by the left anterior descending coronary artery was dissected, cannulated and perfused with a nominally Ca 
Recording and analysis of action potentials
All experiments were performed at 37 °C, maintained by an electronic temperature controller (Cell MicroControls, Norfolk, VA, USA). The cells were sedimented in a plexiglass chamber of 1 ml volume allowing continuous superfusion (at a rate of 2 ml/min) with modified Krebs solution gassed with a mixture of 95 % O 2 and 5 % CO 2 at pH = 7.4. This solution contained (in mM): NaCl, 128.3; NaHCO 3 , 21.4; KCl, 4.0; CaCl 2 , 1.8; MgCl 2 , 0.42; and glucose 10. In contrast to reduction, oxidation caused profound changes in action potential morphology (Fig. 3) . APD was progressively increased in the presence of the oxidant 10 µM H 2 O 2 (Fig. 3.B) , and typically after 10-15 min of H 2 O 2 superfusion early afterdepolarizations developed ( Finally, we aimed to show that these drastic effects of H 2 O 2 superfusion are really consequences of redox potential changes. In the next series of experiments, therefore, 10 µM H 2 O 2 was applied in the presence of the reductive cocktail following a 5 min period of pretreatment. According to the results presented in Fig. 5 , the elevation of relative SV, observed previously in H 2 O 2 , was fully prevented by the reductive environment having a sufficiently high redox buffering capacity (Fig. 5.C,F) . This was true in spite of the fact that both SV and APD were increased by the H 2 O 2 exposure (the former significantly, while the latter not significantly).
Discussion
In the present study we have shown that relative SV was decreased by applying a reductive environment, while shifting the redox potential to oxidative direction strongly increased relative SV. This was accompanied by development of early afterdepolarizations following the 10-15 min of H 2 O 2 superfusion. These effects of H 2 O 2 could be prevented by application of a reductive cocktail, containing DL-dithiothreitol, reduced L-glutathione and L-ascorbic acid -in 1 mM concentration each. This composition was chosen to assure a sufficiently large redox buffering capacity, which might be necessary to safely reverse the effects of H 2 O 2 . This was critical, because we had to show that the strong effects of H 2 O 2 were in fact consequences of an oxidative shift in the redox potential. Since similar changes are known to occur under conditions of oxidative stress (e.g. in the case of ischemia/reperfusion injury), it is plausible to assume that increases in beat-to-beat variability of APD, caused by an oxidative shift in the tissue redox potential, may contribute to the increased arrhythmia incidence observed under these pathological circumstances.
Regarding the possible underlying mechanisms, we can only speculate in the absence of (Cerbai et al. 1991, Goldhaber and Liu 1994) . There was no change in I K1 amplitude in rabbit (Guo et al. 2000) and guinea pig (Cerbai et al. 1991) , but the other inwardly rectifying K + current, the ATP-sensitive K + current (I K-ATP ), was enhanced by oxidation in the latter species (Goldhaber and Liu 1994, Ichinari et al. 1996) . I Kr is likely to be enhanced by oxidation, since exposure of HERG channels -expressed in CHO cells -to H 2 O 2 increased the amplitude of I Kr (Bérubé et al. 2001 ). These results, however, cannot explain the increased APD variability observed in the presence of H 2 O 2 , since both I Ca and I Kr were found to decrease SV in canine ventricular cells (Szentandrássy et al. 2014) . Similar results were obtained in computer simulations (Heijman et al. 2013) . I Ks was decreased by oxidative free radicals in guinea pig ventricular cells (Cerbai et al. 1991 ) and this current was also shown to decrease SV in canine myocytes and in silico models (Szentandrássy et al. 2014 , Heijman et al. 2013 ). However, the (Goldhaber 1996) . All these changes are known to increase beat-to-beat variability and evoke afterdepolarizations and therefore might account for the actions of the oxidative environment on beat-to-beat variability. Direct evidence for this mechanism has recently been provided by Bonilla et al. (2013) reporting that peroxynitrite accumulation increased SV in canine ventricular, but not in atrial, cardiomyocytes. Further investigation is required to reveal the reason for this interesting atrio-ventricular difference.
In summary, the results of the present study indicate that relative SV is increased by shifting the redox potential towards oxidative direction, while a reductive cocktail had an opposite effect, suggesting that the increased beat-to-beat variability during an oxidative stress may play an important role in generation of cardiac arrhythmias under these pathological 
